Introduction
============

Previously used methods for evaluation of the anterior chamber angle of the eye, such as slit-lamp biomicroscopy, or gonioscopy, are known to be subjective. Ultrasound biomicroscopy (UBM) reportedly allows for a quantitative measurement of the anterior chamber angle.[@b1-opth-8-113]--[@b4-opth-8-113] However, due to the fact that UBM is a contact measurement, the utilization of this method is limited to patient screening, and for immediate postoperative use. Anterior segment optical coherence tomography (AS-OCT) is a new imaging technology that reportedly provides a non-contact quantitative evaluation of the anterior segment of the eye.[@b5-opth-8-113]--[@b12-opth-8-113] The recently released Visante® OCT version 2.0.1.88 system software (Carl Zeiss Meditec AG, Jena, Germany) includes several features that were previously not available. Of those, an enhanced anterior segment single mode provides an image averaged from four consecutive anterior segment scans, to improve contrast. Moreover, the new version includes a semiautomated program to assess the anterior chamber angle. One advantage of using AS-OCT for assessment of the anterior chamber angle is that image acquisition and subsequent measurement can be performed under light-controlled conditions, with patients in the sitting position, and without alternation of angle structure by irregular lighting and physical contact. However, some disadvantages have also been reported, such as poor agreement between gonioscopic and AS-OCT assessment.[@b7-opth-8-113],[@b13-opth-8-113] In addition, reproducibility of the AS-OCT findings for evaluation of the anterior chamber angle has been questioned. In particular, the reproducibility of inferior quadrant findings is reported to be poor, due to variability of scleral spur placement; reproducibility of anterior chamber angle parameters in nasal and temporal angles was better than in the inferior quadrants.[@b7-opth-8-113],[@b14-opth-8-113],[@b15-opth-8-113]

Recently, there have been many studies published that report the use of AS-OCT for assessment of the anterior segment.[@b15-opth-8-113]--[@b19-opth-8-113] Nongpiur et al used AS-OCT images to evaluate anterior chamber width, defined as the horizontal scleral spur-to-spur distance, and found that it was smaller in angle-closure patients than in open-angle patients.[@b20-opth-8-113] Moghimi et al also found that the anterior segment was crowded in closed-angle eyes, compared with open-angle eyes.[@b21-opth-8-113] Several cross-sectional studies have assessed the influence of age on anterior chamber depth (ACD).[@b22-opth-8-113]--[@b24-opth-8-113] However, there are few reports about age-related changes of the peripheral angle structure.[@b25-opth-8-113] In this study, a new index, termed the peripheral angle frame index (PAFI), was developed and proposed for representing the peripheral angle structure. PAFI is defined as the difference between trabecular-iris space area (TISA) measured at a distance of 750 μm (TISA750) and TISA measured at a distance of 500 μm (TISA500), divided by TISA500. We used this index to investigate how peripheral angles changed with age. The TISA parameter was used instead of the angle recess area (ARA) because it has been proposed that ARA may be less sensitive for identifying narrow angles in eyes with deep angle recess.[@b26-opth-8-113]--[@b28-opth-8-113] The aim of this study was to analyze the cross-sectional, age-related morphological changes of the iridocorneal angle in normal subjects, and in open-angle glaucoma patients, using AS-OCT.

Materials and methods
=====================

This study involved 58 eyes of 58 open-angle glaucoma patients (35 females, 23 males) and 72 eyes of 72 age-matched, normal open-angle, volunteer control subjects (49 females, 23 males), diagnosed as non-glaucomatous by glaucoma specialists at the Glaucoma Clinic of Kyoto Prefectural University of Medicine, Kyoto, Japan, from 2007 to 2009. All 130 subjects included in the study were of Japanese race. The diagnostic criteria for normal-tension glaucoma (NTG) were 1) normal iridocorneal open angle, 2) no evidence of high intraocular pressure (IOP) (IOP ≥21 mmHg), 3) glaucomatous changes in the visual field, with optic nerve cupping, and 4) absence of other optic neuropathies. For the diagnosis of primary open-angle glaucoma (POAG), the criteria were the same as with (1), (3), and (4) above, but with a maximum IOP \>21 mmHg. Both NTG and POAG were diagnosed according to the guidelines of the Japan Glaucoma Society[@b29-opth-8-113] and the European Glaucoma Society.[@b30-opth-8-113]

The normal open-angle control subjects comprised individuals with IOP ≥21 mmHg in both eyes, as measured by Goldmann applanation tonometry with normal optic discs, with open angles on gonioscopy, and with no suspicion of any form of glaucoma. When subjects exhibited a narrow angle equal to grade 2 or less, as determined using the Van Herick system, they were excluded from the study.[@b31-opth-8-113]

Informed consent was obtained from all participants prior to their involvement in the study, in accordance with the tenets set forth in the Declaration of Helsinki.

In all eyes, Visante OCT was used in the enhanced high-resolution mode ("high-resolution corneal" protocol) to measure iridocorneal angle structures ([Figure 1A](#f1-opth-8-113){ref-type="fig"}--[C](#f1-opth-8-113){ref-type="fig"}), and in the enhanced anterior segment mode ("enhanced anterior segment single" protocol) to measure ACD ([Figure 1D](#f1-opth-8-113){ref-type="fig"}). AS-OCT images were obtained in darkroom lighting conditions. The enhanced anterior segment mode image was obtained first, and then nasal-side and temporal-side images were obtained using the enhanced high resolution mode. Images were captured at the nasal and temporal angle quadrants (3-and 9-o'clock meridians; nasal--temporal angles at 0°--180°). Internal fixation was used in all subjects. With each subject, the procedure was performed first on the right eye, and then on the left eye. Axial length and refractive error were measured using the IOL Master (Carl Zeiss Meditec AG), and the RKT-7700 autorefractor keratometer (Nidek, Gamagori, Japan), respectively. Angle-opening distance (AOD), at 500 μm and 750 μm distant from the scleral spur (AOD500 and AOD750, respectively) ([Figure 1A](#f1-opth-8-113){ref-type="fig"}), ARA at 500 μm and 750 μm distant (ARA500 and ARA750, respectively) ([Figure 1B](#f1-opth-8-113){ref-type="fig"}), and TISA at 500 μm and 750 μm distant (TISA500 and TISA750, respectively) ([Figure 1C](#f1-opth-8-113){ref-type="fig"}), were automatically calculated, in the nasal and temporal regions of the right eye of each subject, using Visante OCT device software. When the right eye could not be evaluated, due to extended measurement time required to capture the image, the left eye was used. Right eye data was used whenever possible. Subjects of whom the images produced were of inadequate quality, in whom there was difficulty in detecting the scleral spur, or in whom there had been previous surgical intervention that affected angle structure (such as cataract surgery or laser iridotomy), were excluded from the study.

Iridocorneal angle structures, axial length, and refractive error, in the nasal and temporal regions, were then compared between glaucoma patients against normal control subjects. The Student's *t*-test was used for statistical analysis. The slopes of the iridocorneal structural parameters were derived, to assess age-dependent differences, using a linear mixed effect model. Based on the absolute slopes of the various AS-OCT parameters, normalized slopes were calculated, as absolute slope divided by mean parameter value, in order to compare relative rates of change of all parameters.[@b25-opth-8-113] A *P-*value lower than 0.05 was considered statistically significant.

Results
=======

The mean ages of the 58 open-angle glaucoma patients (POAG: 20 cases, NTG: 38 cases) and 72 age-matched normal control subjects were 59.5±13.8 years and 62.1±12.8 years, respectively. Refractive power in the glaucoma group was lower than in control subjects (*P*\<0.0001). Axial length (*P*\<0.0001) and ACD (*P*=0.0004) were longer and deeper, respectively, in glaucoma cases, compared with control subjects ([Table 1](#t1-opth-8-113){ref-type="table"}).

No differences in angle structure were observed between nasal or temporal regions in both glaucoma cases and control subjects. However, ACD (*P*=0.0004) ([Table 1](#t1-opth-8-113){ref-type="table"}) and all peripheral angle parameter values (ACD, AOD, ARA, and TISA, but not PAFI) were higher in glaucoma cases than in control subjects ([Table 2](#t2-opth-8-113){ref-type="table"}).

[Table 3](#t3-opth-8-113){ref-type="table"} shows the effect of age on AS-OCT parameters. All parameters (except PAFI) decreased linearly in an age-dependent manner in control subjects and, in nearly the same manner, in glaucoma cases. Of these parameters, the steepest slope was shown by AOD750, of temporal sectors (slope constant: −0.00992 mm/year, for glaucoma patients; and −0.00867 mm/year, for control subjects). The representative scatter plot of AOD750 measurement at the temporal sector is shown in [Figure 2](#f2-opth-8-113){ref-type="fig"}.

In this study, a normalized slope was used to compare all parameters. Normalized PAFI slope values were less than −0.005 au/year in measurements of both nasal and temporal regions, in both glaucoma and normal control subjects. In comparison with other peripheral angle parameters, in both groups, PAFI values were found to stay relatively constant throughout the age distribution ([Table 3](#t3-opth-8-113){ref-type="table"}). Moreover, among all iridocorneal parameters, only PAFI showed no differences between glaucoma cases and normal control subjects ([Table 3](#t3-opth-8-113){ref-type="table"}). Van Herick measurement was used in the temporal side; thus, the temporal-side PAFI shown is representative. As shown also in [Figure 3](#f3-opth-8-113){ref-type="fig"}, PAFI values stayed relatively constant throughout the age distribution, in both glaucoma and control groups.

Discussion
==========

It is well known that many glaucoma patients are myopic and have a longer axial length. In this study, we found significant myopia-related differences in refractive error, axial length, and ACD in glaucoma patients ([Table 1](#t1-opth-8-113){ref-type="table"}). In glaucoma cases and control subjects, no significant differences were found in all peripheral parameters (AOD, ARA, and TISA), in temporal and nasal regions. However, when those parameters were compared between glaucoma and control subjects, all values, except PAFI, were found to be higher in glaucoma cases ([Table 2](#t2-opth-8-113){ref-type="table"}), reflecting that glaucoma patients had more severe myopia.

ACD, AOD, ARA, and TISA were found to decrease linearly in an age-dependent manner in both glaucoma cases and control subjects, mirroring the findings of previous reports about age-related decreases in ACD, ARA, and TISA in Asian people.[@b18-opth-8-113],[@b25-opth-8-113] However, to the best of our knowledge, ours is the first study to report upon age-related changes in ACD, ARA, and TISA in glaucomatous Asian patients.

In this study, a novel index, PAFI, was used in order to investigate how peripheral configuration changes with age. The findings of a previous study show that ACD decreases with age, due to age-related lens thickening.[@b21-opth-8-113] Thus, the extent of cataract may affect peripheral configuration. Yet, we had no knowledge about how this affects peripheral angle structure. Moreover, we also wanted to know how changes in iris structure affect angle structure (because iris configuration changes with age due to muscle weakness and tension of the iris). Hence, we measured peripheral length parameters at 500 μm and 750 μm distant from the scleral spur. Being able to compare the values obtained at 500 μm and 750 μm distance from the scleral spur, with participants of various ages, we could elucidate age-related changes in these values. If AOD500 decreases more severely with age than AOD750, it indicates that the anterior chamber is shallower from the more peripheral area. However, if AOD500 and AOD750 decrease in a similar manner, it indicates that the anterior chamber area may decrease at the same rate as the peripheral area, as in a more central part of the peripheral region. Thus, we posit that using this new index will help in understanding changes of the peripheral angle. A normalized slope was used to compare all parameters; PAFI was found to stay within relatively constant values throughout the age distribution, in both the glaucoma and control groups ([Table 3](#t3-opth-8-113){ref-type="table"}). These findings suggest that the peripheral area will decrease at the same rate with age. In addition, PAFI was the only parameter with no difference found between the glaucoma and control groups ([Table 3](#t3-opth-8-113){ref-type="table"}), as no age-related change of the peripheral angle structure was found in either group.

Ideally, the effect of age on ACD and other peripheral angle parameters is best studied by means of longitudinal follow-up measurements, to determine whether aging people do indeed show gradual reduction in parameters based on quantitative measures, such as AS-OCT. Further study is needed to verify long-term changes of peripheral parameters.

It should be noted that this study has some limitations. First, this was a clinic-based study, not a population-based study. Second, there may have been some selection bias in regard to the samples, as glaucoma subjects were recruited from the glaucoma clinic of our university hospital.

It should also be noted that since all of the subjects involved in this study were Japanese, the results may not be applicable to other racial groups. Moreover, only open-angle participants were analyzed in this study; the results might differ from those obtained with other types of glaucoma or control subjects with shallow eyes. In addition, subjects who had undergone cataract surgery were excluded from the study, so that most parameters were measured with the participants own lens; the extent of cataract may have affected the results.

Finally, although AS-OCT was found to be useful, its use is associated with some limitations. For example, in many cases, data cannot be analyzed, due to inability to find the sclera spur.[@b14-opth-8-113],[@b32-opth-8-113],[@b33-opth-8-113] In this study, only temporal-region and nasal-region data was used, as it is reportedly extremely difficult to obtain reproducible images in the superior and inferior regions.[@b15-opth-8-113] It is hoped that in the future, AS-OCT devices will be able to provide improved, higher-quality images, and that peripheral angle parameters can be compared with other biometrics.[@b34-opth-8-113]

In summary, the findings of this study show that AS-OCT is useful for the quantitative evaluation of age-related changes of the peripheral angle structure.
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![Anterior segment optical coherence tomography images.\
**Notes:** Iridocorneal angle structures measured by use of the enhanced high resolution mode of anterior segment optical coherence tomography. The images show (**A**) AOD750, (**B**) ARA500/750, (**C**) TISA500/750, and (**D**) ACD.\
**Abbreviations:** SS, scleral spur; AOD750, anterior opening distance at 750 μm; ARA500/750, angle recess area at 500/750 μm; TISA500/750, trabecular-iris space area at 500/750 μm; ACD, anterior chamber depth.](opth-8-113Fig1){#f1-opth-8-113}

![Relationship between temporal AOD750 and subject age in glaucoma and normal subjects.\
**Notes:** Scatter plot showing distribution of temporal AOD750, determined by anterior segment optical coherence tomography. The lines show absolute slope in both glaucoma and control groups.\
**Abbreviation:** AOD750, angle opening distance at 750 μm.](opth-8-113Fig2){#f2-opth-8-113}

![Relationship between PAFI and subject age in glaucoma and normal subjects.\
**Notes:** The scatter plot showing distribution of temporal PAFI, determined by AS-OCT. The lines show absolute slope in both glaucoma and control groups. PAFI was found to stay within relatively constant values throughout the age distribution.\
**Abbreviation**: PAFI, peripheral angle frame index; AS-OCT, anterior segment optical coherence tomography.](opth-8-113Fig3){#f3-opth-8-113}

###### 

Comparison of demographic and examination data between glaucoma patients and normal controls

                         Glaucoma (n=58)   Control (n=72)   *P*-value
  ---------------------- ----------------- ---------------- ----------------------------------------------------
  Age (years)            59.5±13.8         62.1±12.8        0.26
  Male:female            23:35             23:49            0.46
  Right:left             33:25             53:19            0.062
  Refractive power (D)   −3.90±4.46        0.49±3.12        \<0.0001[a](#tfn1-opth-8-113){ref-type="table-fn"}
  Axial length (mm)      25.9±2.6          24.1±1.7         \<0.0001[a](#tfn1-opth-8-113){ref-type="table-fn"}
  ACD (mm)               2.96±0.40         2.74±0.30        0.0004[a](#tfn1-opth-8-113){ref-type="table-fn"}

**Notes:**

*P*\<0.05 (independent samples *t-*test between glaucoma patients and normal controls). The values presented for age, refractive power, axial length and ACD are mean ± standard deviation.

**Abbreviation:** ACD, anterior chamber depth.

###### 

Comparison of angle structure between glaucoma patients and normal controls

                        Glaucoma (n=58)   *P*-value   Control (n=72)   *P*-value                                 
  --------------------- ----------------- ----------- ---------------- ----------- ----------- ------ ---------- --------
  Angular A (degrees)   47.3±11.7         44.8±11.5   0.25             39.2±11.3   37.5±12.3   0.40   \<0.0001   0.0008
  AOD500 (mm)           0.60±0.25         0.54±0.22   0.21             0.44±0.20   0.42±0.20   0.49   \<0.0001   0.0008
  AOD750 (mm)           0.82±0.31         0.75±0.26   0.18             0.61±0.25   0.58±0.24   0.43   \<0.0001   0.0002
  ARA500 (mm^2^)        0.26±0.11         0.24±0.10   0.23             0.20±0.08   0.20±0.09   0.42   0.0006     0.0055
  ARA750 (mm^2^)        0.44±0.18         0.40±0.15   0.21             0.34±0.13   0.32±0.14   0.41   0.0002     0.0016
  TISA500 (mm^2^)       0.22±0.09         0.20±0.08   0.23             0.17±0.06   0.16±0.07   0.46   0.0003     0.0030
  TISA750 (mm^2^)       0.40±0.16         0.36±0.14   0.21             0.30±0.12   0.28±0.12   0.44   0.0001     0.0011
  PAFI (au/year)        0.82±0.09         0.82±0.11   0.98             0.79±0.14   0.79±0.14   0.91   0.13       0.19

**Note:**

*P*\<0.05 (independent samples *t-*test between glaucoma patients and normal controls), all except PAFI.

**Abbreviations:** T vs N, temporal versus nasal; G vs C-T, glaucoma patients versus normal controls in temporal regions; G vs C-N, glaucoma patients versus normal controls in nasal regions; AOD500/750, angle-opening distance at 500/750 μm; ARA500/750, angle recess area at 500/750 μm; TISA500/750, trabecular-iris space area at 500/750 μm; PAFI, peripheral angle frame index; SD, standard deviation; au, arbitrary unit.

###### 

Absolute and normalized slopes of anterior segment parameters in glaucoma and control subjects

                                  Glaucoma (n=58)   Control (n=72)                                  
  ------------------------------- ----------------- ---------------- -------- ---------- ---------- --------
  ACD (mm/year)                   −0.00599          −0.00202         −0.329   −0.00148   −0.00540   −0.429
  Temporal AOD500 (mm/year)       −0.00599          −0.00998         −0.387   −0.00742   −0.0169    −0.480
  Temporal AOD750 (mm/year)       −0.00992          −0.0121          −0.580   −0.00867   −0.0142    −0.504
  Temporal ARA500 (mm^2^/year)    −0.00270          −0.0104          −0.333   −0.00200   −0.0100    −0.334
  Temporal ARA750 (mm^2^/year)    −0.00415          −0.00943         −0.350   −0.00453   −0.0133    −0.414
  Temporal TISA500 (mm^2^/year)   −0.00214          −0.00972         −0.321   −0.00197   −0.0116    −0.388
  Temporal TISA750 (mm^2^/year)   −0.00413          −0.0103          −0.344   −0.00397   −0.0142    −0.447
  Temporal PAFI (au/year)         −0.000381         −0.000465        −0.258   −0.00356   −0.00451   −0.316
  Nasal AOD500 (mm/year)          −0.00630          −0.0117          −0.355   −0.00557   −0.0133    −0.411
  Nasal AOD750 (mm/year)          −0.00809          −0.0108          −0.422   −0.00967   −0.0167    −0.519
  Nasal ARA500 (mm^2^/year)       −0.00199          −0.00829         −0.279   −0.00229   −0.0115    −0.340
  Nasal ARA750 (mm^2^/year)       −0.00369          −0.00922         −0.330   −0.00203   −0.00634   −0.398
  Nasal TISA500 (mm^2^/year)      −0.00178          −0.00890         −0.309   −0.00203   −0.0127    −0.366
  Nasal TISA750 (mm^2^/year)      −0.00347          −0.00964         −0.350   −0.00397   −0.0142    −0.418
  Nasal PAFI (au/year)            −0.00119          −0.00145         −0.252   −0.00377   −0.00477   −0.343

**Abbreviations:***R*, correlation coefficient; A-slope, absolute slope; N-slope, normalized slope; ACD, anterior chamber depth; AOD500/750, angle-opening distance at 500/750 μm; ARA500/750, angle recess area at 500/750 μm; TISA500/750, trabecular-iris space area at 500/750 μm; PAFI, peripheral angle frame index; au, arbitrary unit.
